The Bacillus subtilis skin element confers resistance to arsenate and arsenite. The ars operon in the skin element contains four genes in the order arsR, ORF2, arsB, and arsC. Three of these genes are homologous to the arsR, arsB, and arsC genes from the staphylococcal plasmid pI258, while no homologs of ORF2 have been found. Inactivation of arsR, arsB, or arsC results in either constitutive expression of ars, an arsenite-and arsenate-sensitive phenotype, or an arsenate-sensitive phenotype, respectively. These results suggest that ArsR, ArsB, and ArsC function as a negative regulator, a membrane-associated protein need for extrusion of arsenite, and arsenate reductase, respectively. Expression of the ars operon was induced by arsenate, arsenite, and antimonite. Northern hybridization and primer extension analysis showed that synthesis of a full-length ars transcript of about 2.4 kb was induced by arsenate and that the ars promoter contains sequences that resemble the ؊10 and ؊35 regions of promoters that are recognized by E A .
Sporulation in Bacillus subtilis is initiated in response to nutrient deprivation. During an early stage of sporulation, cells are divided into two compartments, the mother cell and the forespore. Later in sporulation, a DNA rearrangement occurs only in the mother cell; this rearrangement is catalyzed by a site-specific recombinase, SpoIVCA (28) . The excision of the 48-kb skin (for sigK intervening) element (33) from the chromosome (13) creates a new composite gene, sigK, by fusion of the spoIIIC and spoIVCB genes (7, 14, 32) .
Some putative proteins encoded by open reading frames (ORFs) in the skin element resemble those of the B. subtilis temperate phage 105 and the defective phage PBSX, an observation that suggests that the skin element might be a cryptic remnant of an ancestral B. subtilis phage (16, 33) . In addition, the skin element encodes homologs of GsiA (a protein-aspartyl phosphatase [18, 21] ) and the Ars (arsenical resistance) proteins (3-5, 10, 19, 23, 31) . The homolog of the ars operon in the skin element consists of four ORFs (arsR, ORF2, arsB [ORF1], and arsC) (33) . The products of arsR and arsC are homologous to products of ars genes in Staphylococcus and Escherichia coli, ArsR and ArsC, respectively (33) . The B. subtilis arsB product is also homologous to the Staphylococcus arsB product. However, the ArsB protein exhibits only limited sequence identity (24%) to the Staphylococcus ArsB. In addition, there is no homolog of the ORF2 product in Staphylococcus.
The ars operon in the staphylococcal plasmids pI258 and pSX258 endows the cell with resistance to arsenate (As 5ϩ ), arsenite (As 3ϩ ), and antimonite (Sb 3ϩ ) (for reviews, see references 22 and 30) . The arsR, arsB, and arsC genes encode an inducer-dependent repressor of transcription, an inner membrane protein (containing 12 membrane-spanning regions) of the arsenite extrusion pump, and a reductase that converts arsenate to arsenite, respectively (22, 30) .
In this report we show that the ars operon in the skin element is inducible by arsenate, arsenite, and antimonite and endows the cells with resistance to arsenic (as both arsenate and arsenite).
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains of B. subtilis used in this study are listed in Table 1 . Integration plasmid pMUTinT3 (1a) allows (i) selection of erythromycin resistance in B. subtilis, (ii) disruption of the region cloned into the plasmid and generation of a fusion transcript with a gene for ␤-galactosidase, and (iii) placement of genes downstream of Pspac-1 (38) , which allows induction of transcription in the presence of the inducer isopropyl-␤-D-thiogalactopyranoside (IPTG).
Growth inhibition. Overnight cultures of JH642, skin-1, QUA2, ars-R3, ars-23, ars-B3, and ars-C were inoculated into fresh Luria-Bertani (LB) broth (5 Klett units; filter no. 66) with or without 1 mM IPTG and increasing amounts of arsenate or arsenite. Cells were grown for 8 h at 37°C, and then turbidity (Klett units) was measured. When required, chloramphenicol (5 g/ml) or erythromycin (5 g/ml) was added to the medium.
Measurement of ␤-galactosidase activity. The specific activity of ␤-galactosidase was determined with o-nitrophenyl-␤-D-galactoside as the substrate and expressed as units per absorbance unit of the culture at 600 nm as described elsewhere (15) . S1 nuclease mapping. S1 nuclease mapping was performed as described previously (25) . JH642 cells were grown in LB broth at 37°C to the exponential phase of growth (50 Klett units), and then 1 mM arsenate was added to the culture. Samples (10 ml each) were taken at various times after the addition of arsenate, and 50-g aliquots of total RNA were extracted from the cells as described previously (9) . These were allowed to hybridize with the 32 P-labelled 573-bp PCR product (ϳ10 ng; 2 ϫ 10 4 cpm) (33) that had been amplified with primer 3 (5Ј-CTTCTTGCGAGATGATG; nucleotides [nt] 457 to 441 upstream of the initiation codon of arsR) and 32 P-labelled primer 4 (5Ј-AACACAGGTT TTTCCCC; complementary to the region from nt 117 to 101 downstream of the initiation codon of arsR). After S1 nuclease digestion (25) , the nuclease-resistant DNA fragments were analyzed by gel electrophoresis on a denaturing 5% polyacrylamide gel and detected by autoradiography.
Primer extension. Primer extension analysis was performed as described previously (25) with RNA isolated as described above. The site of initiation of transcription of ars mRNA was determined by the primer extension method with primer 4. Dideoxynucleotide sequencing reactions were performed with the 2,804-bp PCR product that had been amplified with primer 3 and 32 P-labelled primer 5 (5Ј-CATATAAATATGCATCC; sequence complementary to the region from nt 37 to 21 downstream of the termination codon of arsC) as a template and the same primer as used to map the 5Ј end of the ars mRNA.
Northern hybridization. Northern hybridization was performed as described previously (25) . Total RNA, extracted from JH642 cells that had been harvested 20 min after the addition of 1 mM arsenate, was hybridized with either the 573-bp PCR product or the 2,804-bp PCR product as a probe (20,000 cpm; approximately 10 ng) (33) . Samples of 10 g of RNA were loaded onto the lanes of a 1.0% agarose gel containing 2.2 M formaldehyde. After electrophoresis, the RNA was transfered to a nylon membrane (Hybond-N; Amersham).
RESULTS

Construction of ars mutants.
To determine whether the ars operon in the skin element is functional, we used an arsR mutant (ars-R3), an ORF2 mutant (ars-23), an arsB mutant (ars-B3), an arsC mutant (ars-C), and a skin-less mutant (skin-1) of B. subtilis JH642 (pheA1 trpC2). Details of the strains are shown in Table 1 . PCR resulted in amplification of (i) a 210-bp internal segment of arsR with primers R1 (5Ј-GCCAAGCTT GCTACGGAAATATGAAC) and R2 (5Ј-CGCGGATCCAT AATAACTCCATGTTC), (ii) a 325-bp internal segment of ORF2 with primers 21 (5Ј-GCCGAAGCTTGTAGGGGTTA ACGTTGTC) and 22 (5Ј-CGCGGATCCCCCACTCGTTCC CATCTG), and (iii) a 337-bp internal segment of arsB with primers B1 (5Ј-GCCGAAGCTTCTTGCGATGGCATTGG GG) and B2 (5Ј-CGCGGATCCCATCGCAATACAGCGAG C). These primers contained either HindIII or BamHI sites (underlined residues). These PCR fragments were digested with BamHI ) strains were constructed by integration of pMUTin-R3, pMUTin-23, and pMUTin-B3 at the arsR, ORF2, and arsB loci, respectively. The organization of the ars operon in these strains is shown in Fig. 1 . The skin-1 strain (pheA1 trpC2 ⌬skin) was constructed by transformation with a skin-less strain, sup1-3 (lys-1 purB6 ⌬skin) (27) , as the donor and strain 4CJH (pheA1 trpC2 spoIVCA::cat) as the recipient. In addition, we used mutant strain QUA2 (asa-2 leuA2 trpC2), which had been isolated as an arsenate-sensitive mutant of B. subtilis 168 (1) . Although the precise nature of the asa-2 mutation had not previously been determined, the asa-2 locus was mapped between pheA1 and aroD, which is also the location of the skin element.
Growth of ars mutants in the presence of arsenate, arsenite, and antimonite. Wild-type (JH642) cells grew in the presence of 4 mM arsenate or 0.5 mM arsenite (Fig. 2) . However, the skin-1 and QUA2 strains failed to grow in the presence of 1 mM arsenate or 0.5 mM arsenite ( Fig. 2A) . When the arsC gene was inactivated (strain ars-C), the cells became sensitive to arsenate but were still resistant to arsenite ( Fig. 2A) . These results indicate that the arsC gene was related to arsenate resistance. Similar results have been obtained with arsC mutants of E. coli R773 (6), Staphylococcus aureus pI258 (11), and Staphylococcus xylosus pSX267 (23) . Resistance to arsenate is achieved by the reduction of arsenate to arsenite by the product of the arsC gene (8, 11, 12, 20) . Inactivation of arsR (ars-R3) caused a decrease in resistance to arsenite and arsenate in the absence of IPTG. In the presence of IPTG, the cells became slightly resistant to arsenate and arsenite (Fig. 2B) . This result suggests that ars expression from the spac promoter is not sufficient to induce arsenic resistance or that the ars mRNA produced from the spac promoter is unstable. The ars-23 and ars-B3 strains both had arsenate-and arsenitesensitive phenotypes in the absence of IPTG (Fig. 2C and D) . However, in the presence of 1 mM IPTG (for ars-23, arsB, and arsC were induced; for ars-B3, arsC was induced), these strains exhibited slightly reduced sensitivity to arsenate. This result suggested that arsB conferred resistance to arsenite by allowing cells to extrude this compound. However, the role of ORF2 is not established by these experiments. Overall, these results indicate that the ars operon in the skin element is functional and determines resistance to arsenicals in B. subtilis. The skin-1, QUA2, ars-23, and ars-B3 strains exhibited sensitivity to antimonite that was very similar to that of the wild-type strain.
QUA2 is a skin-less mutant. The asa-2 locus of the QUA2 strain mapped between pheA1 and aroD (1), where the skin element is also located. The pattern of resistance of QUA2 was similar to that of skin-1 ( Fig. 2A) . These results suggest that QUA2 might be a skin-less mutant carrying an uninterrupted sigK gene in vegetative cells. In an attempt to detect the intact sigK gene in vegetative QUA2 cells, we performed PCR with two primers, 5Ј-GCAGAGGACTTAATCTCC (nt 226 to 243 downstream of the initiation codon of sigK) and 5Ј-GTATCT ATCACGTCTTC (complementary to the region from nt 476 to 460 downstream of the initiation codon of sigK). The sequences of these two primers are located in spoIVCB and spoIIIC, respectively, where they are separated by 48 kb in a wild-type strain (33) . After PCR with chromosomal DNA of vegetative QUA2 cells, a 251-bp fragment corresponding in size to a fragment containing the spoIVCB-spoIIIC junction region was detected (data not shown). In contrast, this fragment was detected by PCR with DNA from wild-type cells only 6 h after initiation of sporulation (27) . This result indicated that QUA2 was a skin-less mutant.
Induction of the ars operon by arsenate, arsenite, and antimonite. The expression of known ars operons is regulated by arsenic and antimony salts (29, 34) . To characterize the regulation of expression of the ars operon in B. subtilis by arsenate, arsenite, and antimonite, we determined the ␤-galactosidase activity expressed by strains ars-R3 (an arsR-lacZ fusion strain), ars-23 (an ORF2-lacZ fusion strain), and ars-B3 (an arsB-lacZ fusion strain) (Fig. 3) . Inactivation of arsR led to constitutive expression of ars, and the pattern of expression of the ORF2-lacZ fusion was similar to that of the arsB-lacZ fusion. Expression of the latter two lacZ fusions was repressed in the absence of an oxyanion inducer (arsenate, arsenite, or antimonite), but both were activated in the presence of such an inducer. Maximal induction was achieved with 1 to 10 M arsenite or antimonite or with 10 to 100 M arsenate. Similar results were obtained with an arsR-bla fusion in S. aureus pI258 (10) .
Size of the ars transcript. Northern hybridization analysis was performed to determine the size of the ars transcript (Fig.  4A) . A transcript of approximately 2.4 kb, the size expected from the length of the ars operon, was found in the arsenateinduced wild-type strain, but no transcript was detected in the arsenate-induced skin-1 strain (Fig. 4B) .
Time course of induction of expression of the ars operon by arsenate. The transcription of the ars operon in B. subtilis probably starts in the region upstream of arsR, as shown by S1 nuclease mapping with the 573-bp probe that contained part of arsR and its upstream region. A single protected 145-nt band starting about 30 nt upstream from the initiation codon of arsR was detected (Fig. 4C) . The rate of transcription of the ars operon reached a maximum ϳ20 min after the start of arsenate induction. In the absence of arsenate, only a low basal level of expression of the ars operon was detected (data not shown).
Site for initiation of ars transcription. The start site for ars mRNA was determined precisely by the primer extension method with primer 4. The 5Ј terminus of ars mRNA was located 34 nt upstream from the initiation codon of arsR. The (Fig. 4A and D) .
DISCUSSION
Kunkel et al. (14) reported that deletion of the entire skin element did not impair the growth and sporulation of B. subtilis. Our results suggest that an important physiological role of the skin element is to endow cells with resistance to arsenicals.
The ars operon of the E. coli plasmids R773 (5, 6) and R46 (3) consists of five genes (arsR, arsD, arsA, arsB, and arsC). The ArsR protein is a trans-acting repressor. The ArsD protein is a secondary regulator of transcription of the ars operon, and its absence has little effect on the level of resistance (35) . The arsA gene encodes an arsenite-and antimonite-stimulated ATPase. The ArsB protein is an inner membrane protein (26, 36) which participates in the pumping of arsenite across the inner membrane. ArsC is an enzyme that reduces the less toxic arsenate ion to the more toxic arsenite ion (11) . arsD and arsA are missing from staphylococcal plasmids and the E. coli chromosome. The product of the arsR gene of B. subtilis is 31 to 33% identical to ArsR proteins, while the arsC product is 17 to 18% identical to the ArsC proteins of gram-negative strains and 62 to 64% identical to the ArsC proteins of gram-positive strains. The newly reported homolog of the ars operon in the Mycobacterium tuberculosis chromosome consists of three ORFs (441.11, 441.12, and 441.13; the accession number for the nucleotide sequence containing these proteins is Z80225) (Fig.  5) . The products of B. subtilis arsR and ORF2 are 37 and 32% FIG. 4 . Analysis of the transcript of the ars operon. S1 nuclease mapping and Northern hybridization experiments were performed as described previously (25) . ( cpm; approximately 10 ng) was hybridized with 50 g of RNA that had been prepared as described previously (9) . Lanes 1 through 7, S1 nuclease-protected fragments of the probe that had been hybridized with RNA isolated from JH642 cells which had been incubated for 0, 2, 5, 10, 20, 30, and 60 min, respectively, after the addition of 1 mM arsenate. Lane 8, 32 P-labelled HpaII fragments of phage M13mp18 as size markers. (D) Primer extension mapping of the ars transcript. The primer extension reaction was performed as described previously (27) . Dideoxynucleotide sequencing reactions, performed with the same primer as used to map the 5Ј end of the ars transcript, were included in the analysis. The complementary base at the initiation site is indicated by an asterisk.
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B. SUBTILIS ars OPERONidentical to the hypothetical proteins 441.12 (126 amino acids) and 441.11 (152 amino acids), respectively. We also found that the amino acid sequence of the arsB product is strongly homologous (51%) to that of a hypothetical polypeptide, the amino-terminal region of protein 441.13 of M. tuberculosis (Fig. 5) . (36) . However, the hydropathy profile indicates that the B. subtilis ArsB protein has 10 membrane-spanning regions (data not shown), suggesting that the B. subtilis ArsB protein might have a function similar to that of other ArsB proteins (which have 12 membrane-spanning regions [36] ). Recently, Bobrowicz et al. (2) revealed that three contiguous genes, ACR1, ACR2, and ACR3, are involved in arsenical resistance in Saccharomyces cerevisiae. Interestingly, they showed that the ACR3 gene has high similarity to B. subtilis arsB (ORF1), suggesting that B. subtilis and S. cerevisiae possess similar proteins for extrusion of arsenite.
The transcription of the ars operon starts just upstream of the initiation codon of arsR in staphylococcal plasmids (10, 24) , in R773 of E. coli (34) , and on the E. coli chromosome (37). Wu and Rosen (34) found that the ars operon of the E. coli plasmid R773 is repressed by an ArsR dimer bound to a region of imperfect 7-bp dyad symmetry that is located just upstream of the Ϫ35 region of the site of initiation of transcription of arsR. However, when the inducer (arsenite) is present, the ArsR dimer is released from the operator (34) . In plasmid pI258 of S. aureus, ars transcription starts 6 bp downstream of a 6-bp inverted repeat (10), and Rosenstein et al. (24) showed that ArsR of S. xylosus (pSX267) also binds to a sequence with dyad symmetry (IR1, IR2, and IR3) within the ars promoter. Inactivation of B. subtilis arsR resulted in constitutive expression of ars, indicating a function for the ArsR protein as a negative regulator of the ars operon. In the promoter region of the ars operon of B. subtilis, there is an 8-bp inverted repeat that might function as a regulatory site (Fig. 4A ), but the inverted repeat exhibits no significant similarity to those in the ars operons of R773, pI258, and pSX267.
More detailed analysis is necessary to define the similarities in and differences between the modes of regulation of the ars operons in B. subtilis, Staphylococcus, and E. coli and the probable ars operon of M. tuberculosis.
